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ABSTRACT: Photovoltaic conversion of renewable solar energy into electricity for sustainable
energy production requires efficient, stable, and low-cost solar cells. Developing solution-
processed all-inorganic solar cells is a practical scenario in virtue of the high charge mobility and
good stability of inorganic semiconductors. Here, for the first time, we present a solution- ; v (e
processed all-inorganic planar heterojunction solar cell based on the nanoparticle film of copper [¥ k- \_/,n_’
indium sulfide (CulnS,) by using an antimony trisulfide (Sb,S;) nanoparticle film as an interfacial #& gf“g'bfg"zfl'rzns
layer between the CulnS, photon-harvesting layer and cathode. All of the component layers in the

solar cell are in a superstrate architecture and sequentially in situ grown on a transparent
conducting glass acting as anode by solution-processing methods. The dependences of device
performance on the thickness of Sb,S; film and the reduction of hole-trapping centers in the Sb,S; film by thioacetamide treatment
are investigated. The optimized all-inorganic device exhibits the best power conversion efficiency of 4.85% under AM 1.5G
illumination and an excellent thermal stability. It is found that the Sb,S; interfacial layer sandwiched between the CulnS, photon-
harvesting layer and counter-electrode has dual functions, that is, to provide complementary absorption after CulnS, attenuation and
to act as an effective hole-transporting layer to selectively extract photogenerated holes for effective charge collection efficiency.

- - . v
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1. INTRODUCTION illumination (100 mW/cm?) in the planar heterojunction solar
cells of an ITO/TiO,/CdS/CulnS,/Spiro-OMeTAD/Au
structure with Spiro-OMeTAD as an organic HTM."”
However, Spiro-OMeTAD is not a perfect HTM for future
practical appllcatlons subjected to its high cost and low long-
term stability.'” The demands for the low-cost and stable
HTM in efficient solar cells have encouraged the pursuit of
inorganic HTMs, such as NiO, and CuSCN for Sb,S; and
perovskite solar cells">~"” and CuO, for perovskite and organic
solar cells."®"

Sb,S;, a nontoxic and earth-abundant material, is a
promising light absorber for solar cells due to its high stability,
suitable band gap of 1.7—1.8 eV, and high hzght absorption
coefficient (>10° cm™) in the visible reglon, %2l in partlcular,
it has rather high mobility (#) of holes (,uh ~ 2.6 cm® V!
s™1)"° and electrons (4, &~ 10 cm® V™! s71).** In this paper, for
the first time, we use an in situ grown Sb,S; film as the
interfacial layer between the CulnS, film and collection

Renewable solar energy is a vital source for sustainable energy
production. Photovoltaic conversion of solar energy into
electricity requires efficient, stable, and low-cost solar cells,
which is inspiring the research on solution-processable
materials systems for such photovoltaic devices. The ternary
compound CulnS, is one of the promising light-harvesting
materials for efficient solar cells due to its high stability,
suitable band gap (E ~ 1.6 eV), and large absorption
coefficient (a ~ 10° cm™") in the visible range.'~* The power
conversion efficiency (1) of CulnS,-based single-junction solar
cells is theoretically expected to reach 30—32% according to
Shockley—Queisser limit.” Planar heterojunction solar cells are
of great interest because of the easily prepared superstrate
configuration therein. Although a suitable hole-transporting
material (HTM) layer for selective extraction of photo-
generated holes is indispensable for efficient solar cells based
on inorganic absorbers,” almost no HTM layer was normally
used between the CulnS, absorbing film and collection
electrode in CulnS,-based planar heterojunction solar Received: December 22, 2020
cells’™"" resulting in the efficiency of only 3.0—4.0% in most Accepted: February 17, 2021
ITO(FTO)/CulnS,/CdS/Al planar heterojunction devices, Published: March 2, 2021

for example.7’8 Previously, we developed a solution method

to prepare a high-quality CulnS, nanoparticle layer on a TiO,/

CdS film and achieved an efficiency of 6.31% under AM 1.5G
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Figure 1. (a,b) SEM images (above: bird’s eye view; below: cross-sectional view), (c) absorption spectra, (d) XRD pattern, and (e) XPS Sb 3d
spectra of the Sb,S; (a) and Sb,S;(TA) (b) films on FTO/TiO, substrates. The inset in (c) shows that the E, of the Sb,S; layer is about 1.77 eV,
evaluated by the direct band gap method, that is, plotting the squared absorbance (abs?) versus energy (eV) and extrapolating to zero. On plot (d),
the XRD pattern of TiO, film on FTO is used for comparison and the symbol @ indicates the XRD peak of FTO substrate.

electrode and obtain a solution-processed all-inorganic CulnS,-
based planar heterojunction solar cell configurated as FTO/
TiO,/CdS/CulnS,/Sb,S;/Au. We find that the Sb,S; inter-
facial layer acts both as the complementary absorber after
CulnS, attenuation and as an effective HTM layer for
improving the charge collection efficiency, and thioacetamide
(TA) treatment of the Sb,S; film further improves device
performance by enhancing the interfacial hole extraction
efficiency.

2. RESULTS AND DISCUSSION

2.1. In Situ Growth of Sb,S; Film. In order to avoid the
interference of the underlying CdS/CulnS, layer and get a
simple characterization, the in situ grown Sb,S; film was
investigated by using FTO/TiO, substrate. Scanning electron
microscopy (SEM) images show that the Sb,S; film and the
Sb,S, film treated by TA (sampled as Sb,S;(TA) film) have a
uniform thickness of ca. S0 nm over the TiO, layer (ca. 120
nm), and the TiO,/Sb,S; interface is clearly observed (Figure
1a,b). In particular, the morphology and thickness of Sb,S; film
before and after the TA treatment are not evidently changed,
indicating that TA treatment imposes almost no influence on
the morphology and thickness of the Sb,S; film. Absorption
spectra (Figure 1c) show that the Sb,S; and Sb,S;(TA) films
have identical absorption features, with an optical band gap
(B,) of 1.77 eV.

Both Sb,S; and Sb,S;(TA) films exhibit the X-ray diffraction
(XRD) peaks at around 15.61, 17.50, 22.30, 25.11, 29.25, and
32.36° (Figure 1d), matching well with the (220), (120),
(220), (130)/(310), (211), and (221) crystal planes of Sb,S;
(stibnite) (JCPDS card 42-1393). However, the peak at 27.64°
due to the Sb,0; phase™** is much weaker for Sb,S;(TA) film
than for the Sb,S; one. The average size (D) of the Sb,S,
nanocrystals of the two samples is calculated to be ~16 nm
according to Scherrer formula D = KA(B cos 6) ™' where K is a
constant (0.9), 4 is the X-ray wavelength (0.154056 nm), B is
the full-width half-maximum (in radians), and 0 is the Bragg
angle of the (130)/(310) peak. The XRD data clearly show
that the TA treatment does not change the crystalline structure
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and nanoparticle size in the Sb,S; film but reduces evidently
the oxide defects therein.

X-ray photoelectron spectroscopic (XPS) measurements
were carried out to further investigate the effect of TA
treatment on the Sb,S; film. As shown in Figure le, the XPS
Sb 3d spectra of both Sb,S; and Sb,S;(TA) films exhibit the
peaks at 540 eV for the Sb—O in Sb,O; and 538.9 eV for the
Sb—S in Sb,S;,>**° but the S—O peak of the Sb,S;(TA) film
is relatively much weaker (Figure le). Obviously, the XPS data
demonstrate that the TA treatment remarkably reduces the
Sb,0; second phase in the Sb,S; film, in agreement with the
XRD data. It is well accepted that TA was decomposed into
H,S gas during the followed thermal annealing at 300 °C and
reacted with Sb,0, into Sb,S;.>* 7>

The TiO,/CdS/CulnS, ternary planar heterojunction film
prepared on FTO substrate consists of ca. 120 nm-thick TiO,
nanoparticle layer, 60 nm-thick CdS nanoparticle layer, and
160 nm-thick CulnS, nanoparticle layer (Figure S1). After the
deposition of Sb,S; film, we obtain the TiO,/CdS/CulnS,/
Sb,S; quaternary planar heterojunction film on FTO substrate
(Figure 2a), in which the superstrate structure is well
distinguished and the Sb,S; film of ca. 50 nm thickness
exhibits a quite compact morphology. Our results showed that
the Sb,S; film thickness was determined by the chemical bath
deposition (CBD) time for Sb,S; deposition and increasing the
CBD time led to a thicker Sb,S; film with an increased
absorbance (Figures S1 and S2). Ultraviolet photoelectron
spectroscopy (UPS) was used to determine the Fermi level
(Ey) and the valence band maximum (Eyp,) of the Sb,S; and
Sb,S;(TA) films (Figure S3). As shown in Figure 2b, the cut-
off binding energy (E.u.of) is determined by the intercept of
the linear portion of the spectra (high binding energy edge)
with baseline, the E; — Eypy is evaluated by the intersection of
the linear portion of the spectra with the baseline in the low
binding energy region. With E¢ = —21.22 + E_, s the Sb,S;
and Sb,S;(TA) films are estimated to have the E; of —4.79 and
—4.73 eV and the Eypy; of —5.22 and —5.09 eV, respectively. In
combination with the optical E, of 1.77 eV, the conduction
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Figure 2. (a) SEM images (above: bird’s eye view; below: cross-
sectional view) of the Sb,S; film deposited on FTO/TiO,/CdS/
CulnS, substrate. (b) UPS spectra of Sb,S; and Sb,S;(TA) films
prepared on FTO/TiO,/CdS/CulnS, substrates. (c) Absorption
spectra of CulnS,, CulnS,/Sb,S;, and CulnS,/Sb,S;(TA) films on
FTO/TiO,/CdS substrates. (d) Absorption coefficients of the CuInS,
and Sb,S; films dependent on wavelength, where the CulnS, and
Sb,S; films were respectively deposited on FTO/TiO,/CdS and
FTO/TiO,/CdS/CulnS, substrates, and the inset is the calculated
CulnS, film thickness required to absorb 90% incident photons of a
specific wavelength.

band minimum (Ecgy) levels of the Sb,S; and Sb,S;(TA) films
are estimated to be —3.45 and —3.32 eV, respectively.

As shown in Figure 2c, the CulnS, film exhibits a broad
shoulder with a tail in the long wavelength direction due to
broad size distribution of CulnS, nanoparticles.'”” After
depositing an Sb,S; or Sb,S;(TA) film, the resulting CulnS,/
Sb,S; and CulnS,/Sb,S;(TA) films exhibit almost the same
absorption featuring a slightly enhanced absorption in the
spectral range of <700 nm in comparison to the pure CulnS,
film as a result of the Sb,S; contribution. In order to determine
the absorption coefficient (a) of the CulnS, and Sb,S; films,
their transmission spectra were measured (Figure S4). The
dependence of @ on wavelength was calculated using the
relation a = d~! In(T™"), where d is the thickness and T is the
measured transmittance. As shown in Figure 3d, the CulnS,
and Sb,S; films almost have the same « in the wavelength
range of 550—900 nm. Inset to Figure 2d is the CulnS, film
thickness required for absorbing 90% of incident photons of a
specific wavelength, showing that the 160 nm-thick CulnS,
film mainly absorbs the photons below ca. 490 nm.

2.2. Solar Cell. The cross-sectional SEM image of a
finished solar cell clearly shows the FTO/TiO,/CdS/CulnS,/
Sb,S;/Au superstrate architecture (Figure 3a), in which the
Sb,S; film is an interfacial layer (IL) between the CulnS,
photon harvester film and collection electrode. With the work-
function (W;), conduction band level (E.y), and valence band
level (Eyg) values in the literature, that is, W; = —5.10 eV for
Au and —4.40 €V for FTO,” Ecp = —4.20 eV and Eyp = —7.40
eV for TiO,,”” Ecp = —3.98 eV and Eyp = —6.38 eV for CdS,**
and Ecp = —3.67 €V and Eyy = —5.27 €V for CulnS,,'* the
band level alignments among the materials are depicted in
Figure 3b. In the all-inorganic solar cell, obviously, the material
components actually form the type-II heterojunctions facilitat-
ing charge transport, where the TiO,, CdS, and CulnS, films
act, respectively, as the selective transporter of photogenerated
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Figure 3. (a) Cross-sectional SEM image of a practical FTO/TiO,/CdS/CulnS,/Sb,S;/Au all-inorganic solar cell. (b) Band-level alignments and
charge transfer in the all-inorganic solar cell, where the photogenerated electrons injected into the conduction band of TiO, may be trapped (k;) by
surface states (SS) and the trapped electrons can be thermally released (k,) into the conduction band. (c) J—V curves and (d) IPCE spectra of the
best ITO/TiO,/CdS/CulnS,/IL/Au solar cells without IL (w/0) and with Sb,S; or Sb,S;(TA) film as IL. (e) Calculated absorbance spectra of
CulnS, film and CulnS,/Sb,S; layer derived from the wavelength-dependent absorption coefficients of CulnS, and Sb,S; films in Figure 2d, for
which the CulnS, and Sb,S; films are 160 nm (x,) and 50 nm (x,) in thickness, respectively.
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Table 1. Performance of the FTO/Ti0,/CdS/CulnS,/IL/Au Solar Cells”

IL Ve (V) Jic (mA/cm?) FF (%) 1 (%) R, (Q-cm?®) Ry, (Q-cm®)
w/o 0.64 + 0.02 8.19 + 0.80 54.17 + 2.68 2.85 + 025 18.63 + 4.58 537.08 + 96.74
0.64 9.61 51.39 3.15 1721 380.76"
Sb,S, 0.68 + 0.00 10.85 + 0.69 53.68 + 1.67 3.97 £ 022 13.55 + 2.28 448.43 + 76.60
0.68 11.09 56.04 422 11.22 478.52°
Sb,S,(TA) 0.69 + 0.01 11.83 + 0.51 55.79 + 1.70 4.61 + 0.14 11.59 + 1.35 479.36 + 70.48
0.70 1231 56.29 4.85 10.76 549.95°

“Each of the data with standard deviations represents the average of 10 individual devices, measured under AM 1.5G illumination (100 mW/cm?);
IL means interfacial layer; R, and Ry, are the series and shunt resistances, respectively. “The data for the device with the best efficiency.

electrons, the interfacial spacer with ignorable absorption for
the spatial separation of photogenerated charge carriers, and
the photon harvester.'> The Sb,S; thickness in this experiment
was adjusted by varying the CBD time for Sb,S; deposition
(Figures S1 and S2). Our results demonstrated that the
optimal thickness of the Sb,S; film for solar cells is about S0
nm obtained with the CBD time of 15 min for Sb,S;
deposition (Figure SS and Table S1). On the other hand, in
order to further improve the device performance, we spin-
coated TA onto the Sb,S; film to reduce the Sb,O; therein
(Figure 1d,e). The influence of TA amount on the device
performance was also investigated by using different
concentrations of TA solutions for spin-coating (Figure S6
and Table S2). Results showed that the peak efficiency was
obtained at the TA solution concentration of 10 mg/mL.
These results demonstrate that the optimal FTO/TiO,/CdS/
CulnS,/Sb,S;/Au solar cell in this experiment features the 50
nm-thick Sb,S; (CBD time: 15 min) that is treated by the TA
solution of 10 mg/mL in concentration. The following
discussions about the functions of the Sb,S; film are mainly
based on the optimized solar cells.

Figure 3c shows the current—voltage (J—V) curves of the
best solar cells, and the average overall device performances for
each kind of devices are summarized in Table 1. The solar cells
configurated as FTO/TiO,/CdS/CulnS,/Au without IL (w/
0) only achieved a power conversion efficiency (17) of 3.15%
with a short-circuit current density (J,.) of 9.61 mA/cm? an
open-circuit voltage (V,.) of 0.64 V, and a fill factor (FF) of
51.39%, comparable to the reported values (17 = 3.0—4.0%) of
similarly prepared and configurated ITO(FTO)/CulnS,/CdS/
Al devices,”” With the pristine Sb,S; film as IL, the V,, J,, and
FF of the FTO/TiO,/CdS/CulnS,/Sb,S;/Au cells are all
greatly improved, resulting in a significantly increased # up to
4.22% (Table 1). Clearly, the Sb,S; film as the IL is of great
importance for boosting the performance of solar cells.

The incident photon-to-current efficiency (IPCE) spectra
were measured to study photocurrent generation in the solar
cells (Figure 3d). The observed changes in IPCE agree with
that in J,. (Figure 3c and Table 1). In comparison to the FTO/
TiO,/CdS/CulnS,/Au solar cell without IL (w/0), the utility
of Sb,S; film as IL in the FTO/TiO,/CdS/CulnS,/Sb,S;/Au
increases the IPCE mainly within the visible range (490—850
nm). The contribution of the Sb,S; film is quantitatively
compared by using the integrated areas within 490—850 nm on
the IPCE spectra, and the application of the Sb,S; film as IL
leads to a significant IPCE increase by ca. 73%. Since the
CulnS, film mainly absorbs 90% of the incident photons below
490 nm (inset in Figure 2d), the Sb,S; film following the
CulnS, one inevitably provides complementary absorption of
the photons above 490 nm. In this experiment, the retaining
intensity of incident photons (I,) after the CulnS,/Sb,S; layer
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absorption is expressed according to the relation I(4) =
Ipexp(—a; x,)exp(—a; x,), where a; and a;, are, respectively,
the wavelength-dependent absorption coefficients of CulnS,
and Sb,S; films, and x; and «, are, respectively, the thicknesses
of the CulnS, and Sb,S; films. Using the measured absorption
coefficient (a) dependent on wavelength (1) of the CulnS,
and Sb,S; films (Figure 2d), the absorptance spectra of the
CulnS, film and CulnS,/Sb,S; layer with x; = 160 nm and x, =
50 nm are calculated (Figure 3e). Clearly, the application of
the Sb,S; film as IL behind the CulnS, film increases the
photon harvesting mainly within 490—850 nm, for which the
photon absorptance is remarkably increased by ca. 15%
estimated from the integrated areas on the absorptance
spectra. Therefore, the absorption contribution of the Sb,S;
film to photocurrent generation is not negligible, but it indeed
does not completely compensate for the significantly increased
IPCE by 73%. While the IPCE below 490 nm reflects the
absorption contribution of the whole CulnS, film (inset in
Figure 2d), the IPCE in the range of 490—850 nm is also
actually related to the charge carrier collection efficiency in the
device.'” Reasonably, the combinational analyses of IPCE and
absorptance data indicate that the higher ] upon the
application of Sb,S; film as IL mainly results from the dual
functions of the Sb,S; film, that is, to provide the
complementary absorption after CulnS, attenuation and to
enhance the collection efficiency of photogenerated charge
carriers.

After the Sb,S; film was treated with TA to reduce the
Sb,0; therein (Figure 1d,e), the device ], gets further
remarkably improved by 11%, but the device V., and FF are
very faintly increased, resulting in a FTO/TiO,/CdS/CulnS,/
Sb,S;(TA)/Au champion cell with an efficiency of 1 = 4.85%
(Jo = 12.31 mA/cm? V,. = 0.70 V, and FF = 56.29%).
Obviously, with reduction of the Sb,0O; impurity in Sb,S; film
by TA treatment, the IPCE within 490—850 nm gets further
improved (Figure 3d), suggesting a further enhanced charge
collection efficiency in that the absorption property is not
altered (Figures 1c and 2c). The performance of the solar cells
with the Sb,S;(TA) film as the IL is of higher producibility, for
example, the averaged efficiency of 10 individual devices is
4.61% (Table 1). We also examined the stability of the
champion device when stored at room temperature (RT) and
50 °C in N, atmosphere. After the storages at RT and 50 °C
for 30 days, the cell still retained 94.86 and 92.78% of the
initial efficiency, respectively (Figure S7). Clearly, the all-
inorganic CulnS, solar cells have a good thermal stability.

For understanding the effects of the Sb,S; film as IL and its
TA treatment on the charge collection efficiency, the
electrochemical impedance spectroscopic (EIS) spectra of
solar cells were measured. The measured EIS spectra of the
solar cells in the form of Nyquist plots show only one distinct
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distorted semicircle (Figure 4a), which is related to the
interfacial charge recombination between electrons and
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Figure 4. (a) EIS and (b) IMVS spectra of the ITO/TiO,/CdS/
CulnS,/IL/Au solar cells without IL (w/o) and with Sb,S; or
Sb,S;(TA) film as IL. On plot (a), the scatters are experimental data
measured in the dark, the solid lines are the fitted data, and the inset is
the equivalent circuit used for fitting. The solid symbols on plot (b)
identify f,.;, points.

holes.””*° The measured EIS spectra are fitted with an
equivalent circuit based on a transmission line model,*"**
which comprises a series resistance (R,), a recombination
resistance (R..), and constant phase-angle element (CPE)
(inset in Figure 4a), and the detailed fitted parameters are
summarized in Table S3. The EIS results show that, in
comparison with the FTO/TiO,/CdS/CulnS,/Au solar cell
without IL (R, = 385 Q cm?), upon the application of pristine
Sb,S; or Sb,S;(TA) film as the IL, the R, gets increased up to
834 Q cm® by 117% or 1577 Q cm® by 310%, respectively.
Clearly, the application of Sb,S; film as the IL and the further
TA treatment of the Sb,S; film greatly reduce the charge
recombination in the solar cells, which is in good agreement
with the changed shunt resistances (Ry,) for the leakage
current due to the interfacial charge recombination and the
structural defects in materials during the J—V measurements
(Table 1). Moreover, with respect to the solar cells without IL,
using Sb,S; film or Sb,S;(TA) film as the IL greatly reduce the
series resistance (R) related to the materials conductivity and
the interfacial contacts from original 3.59 Q cm?® down to 2.95
Q cm? or to 2.32 Q cm? (Table S3), also in agreement with the
observed R, changes in the J—V measurements (Table 1).

In order to get insights into the changed charge
recombination in the devices upon the application of the
Sb,S; film as the IL and its TA treatment, we used the dynamic
intensity modulated photovoltage spectroscopy (IMVS)
technique to study the charge recombination dynamics in
the solar cells (Figure 4b). During IMVS measurements, the
photovoltage (Uph) response to a small sinusoidal perturbation
superimposed on the background light intensity under open-
circuit conditions was observed.”> The electron lifetime (z,)
related to the charge recombination under open-circuit
condition was evaluated by the frequency (f,,) of the lowest
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imaginary component of IMVS response, according to the
relation 7, = (27f;,) ", The measured IMVS spectra of the
solar cells only exhibit one distorted semicircle in the fourth
quadrant (positive real, negative imaginary) of the complex
plane (Figure 4b), in agreement with the fact that photovoltage
lags behind illumination.”* The IMVS spectra are similar to the
observations in other inorganic heterojunction solar cells.””
The 7, values for devices should not be the direct measures for
the bulk charge recombinations inside CdS, CulnS,, and/or
Sb,S; films because they normally occur on a timescale from
picoseconds to nanoseconds.'>**™*” Therefore, the observed
time constants 7, by IMVS reasonably correlate with the
interfacial charge recombination that mainly occurs at either
TiO,/CdS or CdS/CulnS, interface. Even though the CdS
absorption contribution to photocurrent generation is
negligible, its photoexcitation still imposes the effects on the
transport dynamics of charge carriers.'” We have previously
found in ITO/TiO,/CdS/CulnS,/Spiro-OMeTAD/Au solar
cells that the 7, (hundreds of microseconds) related to the
interfacial charge recombination at the TiO,/CdS interface is
much longer than that (tens of microseconds) at the CdS/
CulnS, interface.'” Reasonably, the 7, values (tens of
microseconds) in this experiment are related to the charge
recombination at the CdS/CulnS, interface.

The charge recombination depends on the probability of
opposite charges meeting together for electric coupling and
therefore on the charge carrier densities.”* ™" In comparison to
the solar cell without IL, using the pristine Sb,S; film as the IL
results in a much longer 7, suggesting a more eflicient
extraction of photogenerated holes from CulnS, film into the
Au collection electrode via the Sb,S; film for a greatly reduced
interfacial charge recombination at the CdS/CulnS, interface.
After the TA treatment, the 7, gets further increased, inferring
that the removal of Sb,O; impurities as the hole-trapping
centers” in the Sb,S; film by TA treatment enhances the
extraction of photogenerated holes at the CulnS,/Sb,S;
interface and the escape of the photogenerated holes away
from the CdS/CulnS, interface for the reduced interfacial
charge recombination thereat. The 7, changes due to the
interfacial recombination at the CdS/CulnS, interface
observed by IMVS agree with the EIS (Figure 4a) and J-V
(Table 1) results. Clearly, the reduced interfacial charge
recombination at the CdS/CulnS, interface results from the
selective extraction of photogenerated holes by the Sb,S; and
Sb,S;(TA) films as ILs, which inevitably increases the
collection efficiency of photogenerated charge carriers in the
device for the enhanced IPCE in the whole spectral range, in
particular within 450—850 nm, and the ], of the solar cells
(Figure 3¢,d).

3. CONCLUSIONS

We report a solution-processed in situ growth strategy to
prepare all-inorganic CulnS, planar heterojunction solar cells
configurated as FTO/TiO,/CdS/CulnS,/Sb,S;/Au. Under
the controlled in situ growth and thioacetamide treatment of
the Sb,S; film as an interfacial layer on a preformed TiO,/
CdS/CulnS, superstrate heterojunction film with a defined
structure, the optimized solar cell, featuring the 50 nm-thick
Sb,S; film deposited at the CBD time of 15 min and treated by
the TA solution of 10 mg/mL in concentration, achieves the
power conversion efficiency of 4.85% under AM 1.5G
illumination (100 mW/cm?) and a high stability against the
temperature of 50 °C.
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The Sb,S; interfacial layer has an absorption coefficient that
is almost the same as that of the underlying CulnS, film in the
visual range. The Sb,S; interfacial layer sandwiched between
the CulnS, photon-harvesting film and Au electrode is of great
importance for boosting the device performance, thanks to its
dual functions of providing complementary absorption after
CulnS, attenuation and acting as an effective HTM layer to
selectively extract photogenerated holes for improving the
charge collection efficiency; moreover, the thioacetamide
treatment of the Sb,S; interfacial layer further improves the
device performance by reducing the Sb,O; hole-trapping
centers therein to enhance the interfacial hole extraction
efficiency at the CulnS,/Sb,S; interface. In the long term, this
work will have a significant impact on designing an effective
inorganic HTM layer with a complementary absorption for
efficient and stable all-inorganic solar cells.

4. EXPERIMENTAL SECTION

4.1. In Situ Growth of Sb,S; Film. In order to get an easy
characterization of the in situ grown Sb,S; film, the deposition
of Sb,S; films was carried out on FTO/TiO, substrates that
were obtained by depositing TiO, film on FTO substrate as
described previously.'” The Sb,S; film was prepared by the
CBD method as described elsewhere.”” After being immersed
in the mixture solution of SbCl; acetone solution (0.3 M) and
Na,$,0; aqueous solution (0.3 M) at ca. 7 °C for a given time
(normally 15 min, unless otherwise specified) to deposit Sb,S;,
the FTO/TiO, substrate was washed with deionized water and
dried at 65 °C in vacuum overnight and then thermally
annealed on a hot plate at 300 °C for 5 min under N,
atmosphere, resulting in the Sb,S; film on the FTO/TiO,
substrate. Furthermore, a certain amount of TA was spin-
coated (3000 rpm, 30 s) onto the Sb,S; film from the TA
solutions in DMF (normally 10 mg/mL, unless otherwise
specified), followed by annealing at 300 °C for 2 min in N,
atmosphere, resulting in the Sb,S;(TA) film on the FTO/TiO,
substrate.

4.2. Fabrication of the Solar Cell. FTO/TiO,/CdS/
CulnS, superstrate heterojunction was prepared by sequential
in situ growth of nanostructured TiO, layer, nanostructured
CdS layer, and nanostructured CulnS, layer on a FTO glass
substrate by the method described elsewhere,'” in which the
thicknesses of TiO,, CdS, and CulnS, layers were ca. 120, 60,
and 160 nm, respectively (Figure S1). In order to fabricate the
all-inorganic solar cells with a configuration of FTO/TiO,/
CdS/CulnS,/IL/Au, an Sb,S; or Sb,S;(TA) interfacial layer
(IL) was in situ grown on the FTO/TiO,/CdS/CulnS,
substrate by the method same as that for its growth on the
FTO/TiO, substrate. Finally, a Au electrode (ca. 100 nm in
thickness) was deposited by thermal evaporation through a
shadow mask to form an overlapped area of 3 X 3 mm’
between FTO and Au electrode. The solar cell was
encapsulated in a N, atmosphere. Moreover, the FTO/
TiO,/CdS/CulnS,/Au solar cells without an IL layer were
also fabricated for comparison.

4.3. Instruments and Characterization. The XRD
patterns, SEM images, absorption spectra, XPS spectra, and
UPS spectra of the film samples were obtained, the J—V
characteristics of solar cells were measured under AM 1.5G
illumination (100 mW/cm?), the IPCE spectra and IMVS
spectra of solar cells were obtained as described elsewhere.'”
During the J—V and IMVS measurements, the illumination
area of each solar cell was limited by a mask with an aperture

6978

(3 X 3 mm?) to the overlapped area between FTO and Au
electrode, which actually defined the effective area for getting
photovoltaic parameters of the device. The EIS spectra of the
devices were measured in the dark at 0.6 V bias voltage with a
frequency ranging from 1 Hz to 1 MHz on an electrochemical
workstation (IM6e, Zahner Co.).
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